Background and objective. Stroke is a leading cause of long-term disability. Currently, there are no consistently effective rehabilitative treatments for chronic stroke patients. Our recent studies demonstrate that vagus nerve stimulation (VNS) paired with rehabilitative training improves recovery of function in multiple models of stroke. Here, we evaluated the ability of VNS paired with rehabilitative training to improve recovery of forelimb strength when initiated many weeks after a cortical and subcortical ischemic lesion in subjects with stable, chronic motor deficits. Methods. Rats were trained to perform an automated, quantitative measure of voluntary forelimb strength. Once proficient, rats received injections of endothelin-1 to cause a unilateral cortical and subcortical ischemic lesion. Then, 6 weeks after the lesion, rats underwent rehabilitative training paired with VNS (Paired VNS; n = 10), rehabilitative training with equivalent VNS delivered 2 hours after daily rehabilitative training (Delayed VNS; n = 10), or rehabilitative training without VNS (Rehab, n = 9). Results. VNS paired with rehabilitative training significantly improved recovery of forelimb function compared with control groups. The Paired VNS group displayed an 86% recovery of strength, the Rehab group exhibited 47% recovery, and the Delayed VNS group exhibited 42% recovery. Improvement in forelimb function was sustained in the Paired VNS group after the cessation of stimulation, potentially indicating lasting benefits. No differences in intensity of rehabilitative training, lesion size, or MAP-2 expression were observed between groups. Conclusion. VNS paired with rehabilitative training confers significantly greater recovery of forelimb function after chronic ischemic stroke in rats.
Introduction
Ischemic stroke affects approximately 800 000 people in the United States each year and is one of the leading causes of disability. 1 Rehabilitative interventions aimed at improving motor function are effective in some patients; however, most patients are left with some degree of disability. 2 Rehabilitative strategies have the highest potential to improve functional recovery when delivered early, and efficacy diminishes substantially with increasing time after stroke in animal models and patients. [3] [4] [5] [6] [7] [8] There are as many as 4 million stroke survivors living with permanent neurological disability. 1, 9 Therefore, the development of strategies that improve functional recovery even when initiated long after stroke would provide benefits for many suffering from chronic poststroke disability.
Recently, vagus nerve stimulation (VNS) paired with rehabilitative training has emerged as a potential therapeutic strategy to improve recovery of motor function after stroke. [10] [11] [12] [13] VNS is believed to support recovery by promoting neuroplasticity to enhance the benefits of rehabilitation.
14 VNS paired with rehabilitative training significantly improves forelimb strength and movement speed when compared with equivalent rehabilitative training without VNS in models of ischemic stroke. [10] [11] [12] Additionally, VNS paired with rehabilitative training improves recovery of forelimb function in a severe model of subcortical hemorrhagic stroke affecting gray and white matter. 13 In these studies, VNS therapy was initiated approximately 1 week after stroke. It remains to be determined whether VNS can enhance recovery when initiated during the chronic phase. It is possible that VNS must be delivered shortly after stroke to capitalize on the proplasticity period in order to effectively promote recovery. Alternatively, VNS may drive plasticity and recovery independent of the poststroke timing and would, therefore, be effective even when delivered during the chronic phase. Determining the optimal window for the efficacy of VNS therapy is critical to its development as a poststroke intervention.
The purpose of the current study is to determine whether VNS paired rehabilitative training enhances recovery of forelimb function when the therapy is initiated during the chronic phase after a combined cortical and subcortical ischemic stroke. We find that VNS paired with rehabilitative training significantly improves recovery of forelimb function compared with equivalent rehabilitative training without VNS when therapy is initiated in the seventh week after stroke.
Methods

Subjects
All procedures were approved by the University of Texas Institutional Animal Care and Use Committee. A total of 65, female 4-month-old Sprague-Dawley rats (Charles River), weighing approximately 250 g at the beginning of the experiment, were used. The rats were housed in a 12:12 hour reversed light cycle environment and were food deprived to no less than 85% of their normal body weight during training.
Isometric Force Task
The isometric force task was used to measure volitional forelimb strength as previously described. 10, 12, 15, 16 The behavioral training chamber consisted of an acrylic box (10 × 12 × 4.75 inches) with a slot in the front right corner through which rats could access a manipulandum. Rats were trained to pull a handle attached to a force transducer (Motor Pull Device and Motor Controller, Vulintus LLC, Sachse, TX). If the pull force exceeded 120 g within 2 s, the trial was recorded as a success, and a reward pellet (45 mg dustless precision pellet, BioServ, Frenchtown, NJ) and VNS, when appropriate, were delivered. If the force did not exceed 120 g within 2 s, the trial was recorded as a failure, and no reward was delivered. Rats underwent training and testing according to the timeline shown in Figure 1 . Behavioral training sessions lasted 30 minutes and were conducted twice daily, 5 days per week, with daily sessions separated by at least 2 hours. Vagus nerve stimulation (VNS) treatment began in the appropriate groups on week 7 and continued through week 11. VNS was delivered coincident with successful trials in the Paired VNS group. The Delayed VNS group received a matched number of stimulations delivered 2 hours after daily rehabilitative training.
Unilateral Ischemic Lesion
Unilateral cortical/subcortical ischemic lesions were performed similar to previous descriptions with modifications. 11, 12 Rats were anesthetized with ketamine hydrochloride (80 mg/kg, ip) and xylazine (10 mg/kg, ip) and given supplemental doses as needed. They were placed in a stereotaxic frame, and a craniotomy exposed the primary motor cortex contralateral to the trained forelimb. Endothelin-1 (ET-1, Bachem, Torrance, CA, 1 mg/mL in saline) was injected into 9 different locations using a 26-gauge Hamilton syringe. The first 8 injections were within the forelimb area of the motor cortex: 2.5, 1.5, 0.5, and −0.5 AP (anteroposterior) and 2.5 and 3.5 ML (mediolateral) from bregma, at a depth of 1.8 mm from the cortical surface. The ninth injection was within the dorsolateral striatum: 0 AP, 3.0 ML to bregma at a depth of 6.0 ventral to the skull surface. At all sites, 1.0 µL of ET-1 was injected over 2 minutes, and the syringe was left in place for 3 additional minutes. KwikCast silicone polymer (World Precision Instruments, Sarasota, FL) was placed in the craniotomy and sealed with a thin layer of acrylic, and the skin was sutured.
Vagus Nerve Stimulating Cuff Implantation
Four weeks after stroke, all rats were implanted with a skullmounted 2-channel connector and a bipolar stimulating nerve cuff with platinum-iridium leads (5 kΩ impedance), as described in previous studies. [10] [11] [12] [13] 17 Blunt dissection isolated the left cervical vagus nerve, which was placed inside the stimulating cuff. Cuff leads were tunneled subcutaneously and attached to the connector atop the skull. All incisions were sutured and treated with antibiotic ointment.
Treatment Group Assignment and Exclusion Criteria
Rats were assigned to balanced treatment groups based on postlesion performance at week 6 (online supplement). The Rehab group underwent rehabilitative training for 6 weeks, which consisted of freely performing the isometric force task during training sessions (Figure 1 ). The Paired VNS group underwent identical rehabilitative training but received stimulation of the vagus nerve paired with each successful trial. The Delayed VNS group underwent identical rehabilitative training and received a matched amount of VNS (every 12 s for 1 hour) delivered at least 2 hours after the last rehabilitative training session each day. 10 VNS was delivered using parameters identical to that of previous studies. [10] [11] [12] [13] 17 Each stimulation consisted of a 500-ms train of 15 biphasic 0.8-mA pulses of 100 µs phase duration at 30 Hz. In the Paired VNS group, stimulation was triggered immediately (~70 ms) after the 120-g pull threshold was exceeded. No VNS was delivered on week 12 in any group to allow assessment of persistent effects of VNS pairing. Automated data analysis eliminated any bias.
Based on the following criteria, 36 rats were excluded from the study (online supplement): (1) they did not survive surgery (n = 16); (2) they did not display a statistically significant reduction in hit rate compared with prelesion at week 1 or 6 after stroke (n = 14); (3) they were too impaired to perform trials at week 6 (n = 2); and (4) device failure of either headcap connector or vagus nerve cuff (n = 4). Data presented in the main text excludes these subjects, but data for all subjects is included in the supplementary data. Exclusion had no effects on any statistical comparisons (online supplement).
Histological Processing
At the end of behavioral testing, brains were fixed with 4% paraformaldehyde. Tissue was cut in 40-µm sections and processed with Nissl and myelin stains for white and gray matter analysis. MAP-2 immunohistochemistry was performed similar to previous studies 18 (see online supplement). Area fraction analysis was performed on regions of interest from the perilesional cortex, contralesional cortex, and insular cortex as a control.
Statistics
All data and error bars are reported as mean ± standard error of the mean. Significant differences were determined using 1-way ANOVA, 2-way ANOVA, and 2-tailed t tests where appropriate. Paired t tests were used to compare repeated measures over time within subjects. Statistical tests for each comparison are noted in the text. The α level was set at .05 for single comparisons and Bonferroni corrected for multiple comparisons where applicable.
Results
Stroke Chronically Impairs Forelimb Strength
Prior to lesion, all rats were highly proficient on the isometric pull task ( Figure 2A ; PRE, hit rate: Rehab, 89.8% ± 1.6%; Paired VNS, 89.9% ± 1.1%; Delayed VNS, 88.1% ± 1.2%). Maximal force generated during a trial was similar between groups, indicating comparable forelimb strengths ( Figure 2B ; PRE, maximal force: Rehab, 148.2 ± 2.6 g; Paired VNS, 159.2 ± 5.5 g; Delayed VNS, 155.3 ± 4.0 g). No differences in performance measures were observed between groups prior to lesion (1-way ANOVA; hit rate: F[2, 28] = 0.71, P = .50; maximal force: F[2, 28] = 1.81, P = .18).
Ischemic lesions of the motor cortex significantly impaired measures of performance in all groups. One week after the lesion, the hit rate was significantly reduced compared with prelesion levels (Figure 2A ; week 1: Rehab, 24.2% ± 3.7%, paired t test vs PRE, P = 1.5 × 10 ). After the postlesion assessment at week 1, rats remained in their home cage for 5 weeks and returned for testing on week 6. Hit rate was not significantly different at the sixth week after stroke when compared with the first week after stroke in any group (Figure 2A ; week 6: Rehab, paired t test vs week 1, P = .49; Paired VNS, P = .27; Delayed VNS, P = .11). All groups displayed comparable hit rate performance (1-way ANOVA: F [2, 28] = 0.31, P = .73). A similar sustained reduction was observed for maximal force, with no difference between groups (Figure 2B, week 6: Rehab, paired t test vs week 1, P = .14; Paired VNS, P = .54; Delayed VNS, P = .11; 1-way ANOVA comparing groups: F [2, 28] = 0.18, P = .83). These findings indicate that forelimb function was chronically impaired 6 weeks after lesion occurrence.
VNS Paired With Rehabilitative Training Improves Recovery of Motor Function
We evaluated the effects of rehabilitative training without VNS initiated at the seventh week after stroke. ANOVA on the Rehab group during the therapy period (weeks 7 to 12) revealed a significant effect of time (1-way ANOVA: F [6, 62] = 5.76, P = 1.0 × 10 −4 ). Post hoc examination indicated a small, but significant, improvement in performance compared with postlesion levels on weeks 9 and 10 (Rehab, paired t test: week 6 vs weeks 7-12, P < .01; for weeks 9-10, statistical table in online supplement). In the last week of rehabilitative training (week 12), subjects in the Rehab group displayed a 47.2% ± 13.4% recovery of forelimb strength; 3 of 9 subjects demonstrated a >50% recovery of hit rate ( Figure 2C ). These findings indicate that rehabilitative training is still effective when initiated several weeks after stroke, but the improvements are modest. ). Post hoc comparisons indicated that the Paired VNS group exhibited significantly better performance beginning in the first week of therapy (week 7) compared with postlesion levels (Paired VNS, paired t test: week 6 vs weeks 7-12, P < .01 for weeks 7-12). VNS was not delivered at week 12, to assess whether the benefits of VNS persist after the end of stimulation. Improved forelimb performance was observed even after the cessation of VNS (Paired VNS, week 11 vs week 12, paired t test, P < .29), suggesting that VNS may yield long-lasting benefits. The persistence of increased maximal pull force that continues at least 1 week after the cessation of VNS indicates that stimulation does not directly influence forelimb strength ( Figure  2B , weeks 11 and 12). Subjects in the Paired VNS group displayed a 85.9% ± 6.1% recovery of forelimb strength in the last week of rehabilitative training, significantly more than the Rehab group (unpaired t test, P < .0028). All 10 subjects demonstrated a >50% recovery of hit rate ( Figure  2C ). These findings demonstrate that VNS paired with rehabilitative training results in a robust improvement in forelimb function in subjects with chronic deficits.
Previous studies report that VNS delivered 2 hours after behavioral training is less effective than VNS paired with rehabilitative training. 10, 11 ANOVA in the Delayed VNS group revealed a significant effect of time (1-way ANOVA: F[6, 69] = 3.00, P = .012), with post hoc tests indicating significantly better performance compared with postlesion levels by week 9 (Delayed VNS, paired t test, week 6 vs weeks 7-12, P < .01 for weeks 9-12). The trajectory of recovery is similar to that observed in the Rehab group, suggesting that recovery of function is a result of rehabilitative training and not of stimulation. Subjects in the Delayed VNS group exhibited a 42.1% ± 8.0% recovery of forelimb strength at the end of rehabilitative training, demonstrating significantly less recovery than the Paired VNS group (Unpaired t test, P = 5.91 × 10 −4 ). Of 10 subjects, 4 demonstrated a >50% recovery of hit rate ( Figure 2C ). Therefore, despite equivalent training and amount of stimulation, Delayed VNS resulted in substantially less recovery of forelimb function after chronic stroke compared to Paired VNS.
We next sought to determine if VNS paired with rehabilitative training resulted in enhanced recovery compared with rehabilitative training without VNS or Delayed VNS. ANOVA on hit rate revealed a significant effect of group (2- [8] [9] [10] [11] [12] and Delayed VNS (Paired VNS vs Delayed VNS at each week, unpaired t test, P < .01 for weeks [8] [9] [10] [11] [12] . Together, these findings indicate that VNS paired with rehabilitative training initiated 7 weeks after stroke results in significantly greater recovery of forelimb function than Delayed VNS or rehabilitative training without VNS.
VNS Does Not Change the Intensity of Training
The intensity of rehabilitative training is associated with functional outcome after stroke. 19 We tested whether the intensity of rehabilitative training differed between groups and could account for the degree of forelimb recovery. There was no difference in the total number of task-directed pull attempts performed during the therapy period (weeks 7-12) between groups (Rehab: 67 061 ± 5892 attempts; Paired VNS: 71 713 ± 6162 attempts; Delayed VNS: 53 203 ± 9027 attempts; 1-way ANOVA: F[2, 28] = 1.81, P = .18). This indicates that the intensity of rehabilitative training was similar between groups and, therefore, cannot account for the observed differences in forelimb recovery.
VNS Does Not Affect Lesion Size
We tested whether VNS affected lesion size and could account for differences in recovery (Figure 3) . No difference was observed in white matter lesion size (Rehab: 1.1 ± 0.2 mm 3 , n = 6; Paired VNS: 1.5 ± 0.2 mm 3 , n = 9; Delayed VNS: 1.4 ± 0.2 mm . These findings corroborate previous studies using similar amounts of VNS and indicate that VNS does not improve recovery by conferring a neuroprotective effect. [11] [12] [13] Neuroplasticity in motor circuitry in both the periinfarct region and the contralesional homotopic cortex is believed to contribute to recovery after stroke. [20] [21] [22] We evaluated whether expression of MAP-2, a structural protein associated with dendritic plasticity, was increased in response to VNS paired with rehabilitative training in these regions. No differences in MAP-2 area fraction were observed between groups in the perilesional hemisphere (L2/3: Rehab, 0.39 ± 0.09, n = 4; Paired VNS, 0.36 ± 0.04, n = 7; Delayed VNS, 0.30 ± 0.03, n = 7; 1-way ANOVA: 
Discussion
This study demonstrates that VNS paired with rehabilitative training significantly improves recovery of forelimb function compared with equivalent rehabilitative training without VNS when initiated many weeks after stroke. Delayed VNS delivered 2 hours after daily rehabilitative training failed to improve recovery, indicating that VNS must be temporally coupled with rehabilitation to be effective. VNS did not change the intensity of rehabilitative training, lesion size, or MAP-2 expression.
Previous studies have indicated that VNS paired with rehabilitative training improves recovery of motor function in multiple models of brain injury when initiated approximately 1 week after injury. [10] [11] [12] [13] Here, we extend these findings and demonstrate that VNS paired with rehabilitative training enhances recovery of forelimb strength even when initiated long after stroke in subjects with chronic, stable deficits in motor function. Consistent with previous studies, the benefits of VNS therapy persist even after the cessation of stimulation, which may suggest that functional improvements are long-lasting. 12, 13 The trajectory of recovery after chronic stroke looks similar to that observed in previous studies after acute stroke, potentially suggesting that the efficacy of VNS paired with rehabilitative training does not substantially decline with time after stroke. [10] [11] [12] These findings provide additional support for VNS paired with rehabilitation as a poststroke intervention to improve recovery of motor function.
Intensive rehabilitative training is largely recognized as one of the most effective poststroke interventions. All subjects in the study underwent intensive rehabilitative training, performing greater than 60 000 task-directed forelimb movements on average during the therapy period. Intensive rehabilitative training without VNS does result in a modest improvement in forelimb function. This indicates that rehabilitative interventions can yield benefits after chronic stroke, consistent with the results of previous studies. 24, 25 The addition of VNS provides significantly greater benefits than intensive rehabilitative training alone, demonstrating that VNS therapy may yield improvements beyond current effective interventions.
A matched amount of VNS delivered 2 hours after daily rehabilitative training fails to improve recovery compared with rehabilitative training paired with VNS, consistent with the results of previous studies. 10, 11 The inability for delayed VNS to improve motor function indicates that precise timing of VNS with concurrent rehabilitation is required for benefits. Neuroprotection and neurogenesis have been associated with VNS and stroke recovery. [26] [27] [28] [29] [30] These processes are unlikely to depend on precise temporal coupling of rehabilitation and stimulation and, therefore, would be expected to be engaged equally in the Paired VNS and Delayed VNS groups. Because Paired VNS improves recovery and Delayed VNS does not, it is unlikely that neuroprotection or neurogenesis contribute to VNS-dependent benefits observed in this study. Rather, Paired VNS likely improves recovery by enhancing neuroplasticity, a timingdependent phenomenon. Neuroplasticity is strongly influenced by the relative timing of stimuli and neuromodulator release. Therefore, temporal dissociation of VNS-dependent neuromodulator release and rehabilitation-dependent neural activity likely prevents the beneficial plasticity associated with enhanced recovery. 14 The requirement for precise temporal coupling differentiates VNS from other proplasticity therapies that are effective in the chronic phase, such as anti-Nogo-A immunotherapy. Whereas anti-Nogo-A therapy is believed to counter antiplasticity processes and support an environment permissive for plasticity, VNS likely acts by specifically labeling ongoing neural activity to support plasticity and recovery.
In the current study, VNS delivery began during a time when the majority of proplasticity factors induced by stroke had returned to baseline levels. 22 The observed efficacy of paired VNS at this time suggests that VNS does not act by piggybacking on the proplasticity cascades induced by the lesion. Consistent with this, VNS paired with motor training drives robust cortical plasticity in the absence of brain damage. 31 This lesion-independent induction of plasticity may account for the ability of VNS to improve recovery when initiated long after stroke.
Previous studies have reported a neuroprotective effect of VNS when stimulation is delivered during or shortly (<2 hours) after brain injury. [26] [27] [28] [29] In the present study, VNS was initiated long after any neuroprotective effects would be expected. Consistent with previous reports using similar stimulation paradigms, VNS not reduce lesion size. [11] [12] [13] These findings suggest that VNS therapy, when initiated at least a week after stroke, acts through a mechanism independent of neuroprotection to support recovery, most likely by promoting neuroplasticity.
Stimulation of the vagus nerve engages multiple neuromodulatory pathways associated with neuroplasticity.
14 More than 80% of the vagus nerve consists of afferent projections to the central nervous system, and VNS drives neural activity in the noradrenergic locus coeruleus and cholinergic basal forebrain. [32] [33] [34] [35] Moreover, VNS increases levels of these neuromodulators and brain-derived neurotrophic factor throughout the brain. [36] [37] [38] These neuromodulatory systems have clear links to both neuroplasticity and recovery after brain lesion. [39] [40] [41] [42] A reduction of either noradrenergic or cholinergic signaling prevents VNS-dependent effects in the central nervous system, further suggesting that VNS engages these systems. 43, 44 These lines of evidence provide a potential rationale, but future studies are needed to conclusively define the mechanisms of VNS-dependent enhancement of stroke recovery. Neuroplasticity in multiple areas, including the periinfarct region and the contralesional homotopic cortex, is associated with recovery after stroke. 22 Increased expression of MAP-2, a somatodendritically enriched protein associated with neuroplasticity, has been reported. 21, 45 In this study, no differences in MAP-2 expression were observed between groups in any region examined. Although no MAP-2 changes were evident, the enhanced recovery observed with the Paired VNS group suggests that neuroplasticity has taken place. It is possible that the gross changes in dendritic plasticity that can be observed with MAP-2 expression are insufficient to identify relevant neural changes, such as changes in synapse number or strength, this long after lesion occurrence. Other studies have also failed to observe changes in MAP-2 expression following rehabilitative training after stroke despite increases in recovery, suggesting that lasting MAP-2 changes are not obligatory for functional gains. 23 To identify the mechanisms that support recovery, future studies should examine the time course of finer-scale neuronal changes that accompany VNS-dependent recovery of function.
Delivery of VNS during rehabilitation has clear translation potential. VNS is FDA approved, and more than 60 000 patients receive semicontinuous VNS for epilepsy and depression. 46, 47 Plasticity-based VNS therapies, such as those used in this study, use brief bursts of stimulation paired with specific rehabilitative events, reducing the amount of total daily charge delivered by 100-fold compared with FDA-approved standards.
14 This will likely further increase safety and tolerability. This study provides additional preclinical evidence in support of VNS therapy as a poststroke intervention. VNS paired with rehabilitative training improves motor function in a variety of mechanistically distinct models of brain injury and when initiated at various times postinjury. [10] [11] [12] [13] Future studies should evaluate VNS therapy in other preclinical models incorporating clinically relevant complications present in the target population, including advanced age. Based on the safety record of VNS and the preclinical efficacy across multiple models, clinical trials evaluating VNS paired with rehabilitation in stroke patients are under way. 48, 49 
